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Summary 
A key problem in the cell cycle is understanding what 
brings about the initiation of DNA replication and how 
this is linked with global cell cycle controls. The fission 
yeast gene c&78 is required for DNA replication and 
is transcriptionally activated by the cdcltVresllres2 
control acting at START in late Gi. We show here that 
overexpressing cdc78 is able to bring about repeated 
rounds of DNA synthesis in the absence of mitosis 
and of continuing protein synthesis. The level of the 
cdc78-encoded protein p65cdc18 is periodic in the cell 
cycle, peaking at the Gl to S phase transition, and 
~65~~~” is located in the nucleus when cdc78 is overex- 
pressed. We propose that ~65~~“‘~ acts at the initiation 
of DNA replication and plays a major role in controlling 
the onset of S phase. 
Introduction 
One of the outstanding problems of the eukaryotic cell 
cycle is the control that brings about the initiation of DNA 
replication at the onset of S phase. Much progress has 
been made in understanding the process of eukaryotic 
DNA replication, largely as a consequence of studies using 
two model systems, simian virus 40 (SV40) and budding 
yeast (reviewed by Challberg and Kelly, 1989; Coverley 
and Laskey, 1994; Heichman and Roberts, 1994; Stillman, 
1994). A combination of elegant biochemistry and genetics 
with these model systems has identified many of the com- 
ponents acting at the replication fork and their mode of 
action in bringing about replication of DNA. A complex of 
proteins has been identified called the origin recognition 
complex (ORC) that associates with origins of replication 
in budding yeast (Bell and Stillman, 1992; Diffley et al., 
1994). There has also been much study of the global cell 
cycle controls operative at the onset of S phase (reviewed 
by Hunter and Pines, 1994; Nurse, 1994; Sherr, 1994). 
Although these controls are complex and diverse in differ- 
ent eukaryotic organisms, two general themes have 
emerged from these studies. The first is an involvement 
of cyclin-dependent kinases (CDKs) in Gl and S phase 
progression. In the yeasts a single CDK, cdc2 in fission 
yeast and CDC28 in budding yeast, is required, while in 
multicellulareukaryotes, several different CDKs, including 
CDK2, CDK4, and CDKG, are involved at different stages 
of Gl progression and S phase. The second theme is the 
importance of transcriptional controls acting at the transi- 
tion from Gl to S phase. These include EPF-dependent 
transcription in mammalian cells, SW/4/SW/G/MBPI- 
dependent transcription in budding yeast, and cdclO/resl/ 
res2-dependent transcription in fission yeast. Acting in late 
Gl , these transcriptional controls activate the expression 
of genes required for the process of DNA replication. How- 
ever, despite this extensive analysis, it is still not clear 
how the global cell cycle controls regulate the onset of S 
phase, nor which gene functions are important for bringing 
about the initiation of DNA replication. 
To investigate this aspect of cell cycle control, we have 
identified fission yeast gene functions that are important 
in regulating the onset of S phase. The strategy has been 
to isolate mutants or to express ectopically cDNAs that 
break the dependency of S phase upon mitosis, leading 
to repeated rounds of S phase. This dependency prevents 
S phase from taking place until the mitosis of the previous 
cell cycle has been completed and, as a consequence, 
ensures that there is only one S phase per cell cycle (Hart- 
well, 1974; Nurse et al., 1976; Hartwell and Weinert, 1989; 
Nurse, 1994). The key controls regulating the onset of S 
phase might be revealed if cells were induced to undergo 
repeated rounds of S phase in the absence of mitosis 
(Broek et al., 1991). Examples of functions potentially iden- 
tifiable by this approach would include those that influence 
licencing factor proposed to explain why there is only one 
S phase per cell cycle (Blow and Laskey, 1988; Chong et 
al., 1995; Kubotaet al., 1995; Madineet al., 1995), as well 
as any components acting in Gl that would be able to 
bring about S phase. Three genes involved in these con- 
trols have been identified in fission yeast, cdc2, encoding 
p34”d”‘; c&73, encoding the major mitotic B cyclin ~56”~“‘~; 
and ruml, encoding ~25’“~‘, an inhibitor of the ~34~~~~1 
~56““‘~ mitosis-inducing protein kinase (Broek et al., 1991; 
Hayles et al., 1994; Moreno and Nurse, 1994). Cells lack- 
ing ~56~~~‘~ or overexpressing ~25’“~’ undergo repeated 
rounds of DNA replication in the absence of mitosis. A 
model has been proposed to explain these results: the 
presence of the p34cdcYp56cdc’3 complex or its associated 
protein kinase activity in G2 is sufficient to prevent the 
initiation of further rounds of S phase (Hayles et al., 1994; 
Nurse 1994). Destroying or preventing formation of the 
protein kinase complex, either naturally at mitotic exit or 
artificially by deleting the cdc73 gene or overexpressing 
the rum7 inhibitor, enables a further S phase to take place. 
This model accounts for why S phase is dependent upon 
completion of the previous mitosis. 
In this paper we report that overexpressing cdc78 in 
fission yeast also brings about continued DNA synthesis 
in the absence of mitosis. cdc78 was originally identified 
as a gene acting during Gl or S phase that was required 
for successful completion of the cell cycle (Nasmyth and 
Nurse, 1981); deletion of the cdc78 gene blocks cells in 
Gl, while a cdc78’” mutant at the restrictive temperature 
synthesizes defective DNA (Kelly et al., 1993). cdc78 tran- 
script levels are periodic during the cell cycle, peaking at 
Cell 
398 
the Gl to S phase transition, and cdc78 transcription is 
dependent upon Gl cdclO/resl/res2 transcriptional con- 
trol. cdc78 is also a major downstream target of this control 
because ectopic expression of cdc78 rescues cdc70tsmu- 
tants, although cells deleted for cdc70 are not rescued 
(Kelly et al., 1993). This result indicates that cdc78 tran- 
scription bypasses the need for most (but not all) of the 
cdc70 gene function. Thus, cdc78 appears to act as a 
major link between the cdclO/resl/res2 transcriptional 
control at START and the initiation of DNA replication. A 
further role for cdc78 is an involvement in the checkpoint 
control blocking mitosis until S phase is complete. Cells 
deleted for cdc78 block initially in Gl and then undergo 
mitosis, even though S phase has not taken place (Kelly et 
al., 1993). This can be explained bycdc78 being required 
either as a marker for a cell that it is in S phase or for 
generating such a marker. Cells deleted for cdc78 would 
lack this marker and thus cannot restrain mitotic onset. 
The biochemical role of cdc78 is unknown, but the gene 
shares significant homology (28% identity over the entire 
protein) to the budding yeast C/X6 gene. The C/X6 gene 
is also required to bring about DNA replication, and genetic 
analysis has suggested that the CDC6 gene product inter- 
acts with origins of replication (Hartwell, 1976; Hogan and 
Koshland, 1992; Li and Herskowitz, 1993; Liang et al., 
1995). 
In this paper we demonstrate that high levels of cdc78 
expression can bring about repeated rounds of DNA syn- 
thesis even in the absence of protein synthesis, sug- 
gesting that this gene plays a key role in initiating DNA 
replication. The level of the cdcl8 protein is shown to be 
periodic during the cell cycle, peaking at S phase, consis- 
tent with dependency on the cdclO/resl/res2 transcrip- 
tional control at STARTand also with its proposed involve- 
ment with a marker of S phase. From these results we 
propose that cdc78 acts to initiate DNA replication at the 
onset of S phase, linking this event to the global cell cycle 
control acting in late Gl at START. 
Results 
cdcld Expression Induces DNA Synthesis 
During a screen for high copy number suppressors of the 
fission yeast temperature-sensitive mutant cdc78-K46 
(Nasmyth and Nurse, 1981), a cdc78 cDNA was isolated 
that was extended by 89 nt 5’to ATG start codon. This is 
93 nt longer than the longest cDNA identified previously 
(Kelly et al., 1993) (Figure 1A). The extension consisted 
of an untranslated region, the presence of which resulted 
in higher level expression of the cdcl8 protein when the 
cDNAwas expressed using the thiamine-regulatable nmtl 
promotor (Maundrell, 1990) (see Figure 4A). This high level 
expression is lethal to the cell. To investigate this lethality, 
we constructed a nmtl cdc78 cDNA that was stably inte- 
grated into the genome at the leul site, and the nmtl pro- 
motor was induced by removing thiamine. Overexpression 
of cdc78 blocked further increase in cell number and the 
fraction of dividing cells in the population, as shown by 
the septation index percentage, which dropped to a low 
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Figure 1. Overexpression of c&78 Inhibits Cell Division 
(A) The novel c&78 cDNA clone starts 89 bp upstream (marked -89) 
from the ATG start codon (+I). The START of the largest cDNA pre- 
viously isolated (Kelly et al., 1993) is shown by the arrow. 
(B) p34cdc2/p56cdc’3 protein kinase activity upon c&78 overexpression. 
(C) Overexpression of cdc78 induces DNA synthesis: FACS analysis. 
DNA contents from O-20 hr are plotted with a log scale of 2, 4, and 
8, which mark DNA content (C). 
level (data not shown). Microscopic examination of these 
cells on plates lacking thiamine showed that the cells be- 
came highly elongated by 1 day, often with a swollen re- 
gion in the center of the cell by 1.5 days (Figure 2A). When 
grown in liquid medium lacking thiamine, cells stained with 
the DNA dye DAPI were seen to contain a single enlarged 
nucleus (Figure 2B). 
The much enlarged nucleus compared with wild-type 
cells (Figure 2B) suggested that DNA synthesis was con- 
tinuing despite the block over mitosis. To test whether this 
was the case, we monitored the DNA content of the cells 
using a fluorescent-activated cell scanner (FACS). During 
the fission yeast cell cycle, the Gl and S phases are very 
short and are normally completed by the time the cell divi- 
sion of the previous cell cycle has been completed. This 
means that FACS analysis of normal cells exhibits only a 
2C peak, as shown in the time 0 samples in Figure 1C. 
At 12 hr after thiamine removal, the DNA content began 
to increase with the appearance of a 4C peak (see Figure 
lC), and over the next 8 hr, corresponding to about three 
generations of growth, the DNA content increased nearly 
4-fold, equivalent to two further rounds of S phase. 
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Figure 2. Overexpression of cdcl8 Induces 
DNA Synthesis: Cytology 
(A) (Top) Wild-type cells. (Middle) cdc78 over- 
expressing cells on EMM plate after 1 day. (Bot- 
tom) After 1.5 days. Scale bar, 10 pm. 
(B) DAPI staining of cells in liquid EMM. (Top) 
Wild-type cells. Bottom: cdc78overexpressing 
cells after 24 h. Scale bar, 10 Km. 
(C) Cells fixed after 16 hr induction of cdc78 
expression and stained with anti-cdcl6 anti- 
body (left) and DAPI (right). Scale bar, 10 pm. 
Previously, we had shown that overexpression of rum1 
induces repeated rounds of DNA replication by inhibiting 
the p34cdc2/p56cdc13 protein kinase (Moreno and Nurse 
1994). The high levels of p25”” in the cell caused the 
protein kinase activity to drop to a low level, and the DNA 
content began to increase 3 hr later. To investigate 
whether overexpression of cdc78 induces DNA replication 
by asimilar mechanism, we monitored p34cdc2/p56cdc’3pro- 
tein kinase activity during a time course of cdc78 overex- 
pression. Between 11 hr and 13 hr after thiamine removal, 
protein kinase activity dropped to a low level, and at the 
same time DNA synthesis was induced (see Figures 1 B 
and 1C). This result suggests that cdc78and rum7 overex- 
pression is unlikely to operate through the same mecha- 
nism. When p34cdcz/p56cdc’3 protein kinase isdirectly inhib- 
ited by the p25 rUm1 inhibitor, it takes a further 3-4 hr before 
DNA synthesis is induced. In contrast, DNA synthesis is 
induced by cdc78 overexpression either just before or at 
the same time protein kinase activity falls, and so there 
is no 3-4 hr lag. 
To confirm that this continuing DNA synthesis was oc- 
curring without any intervening mitoses, wecaused cdc78 
to be overexpressed in a cdc25-22 temperature-sensitive 
mutant that blocks in G2 at 36%. cdc78 was derepressed 
at 25% by removing thiamine for 24 hr (derepression of 
the nmtl promotor is slower at 25% than at 32%). At 
this point, both in a wild-type control and in the cdc25-22 
mutant, about 70% of the cells have a greater than 2C 
DNA content (left and middle panels of top row in Figure 
3A). The cultures were then split and incubated for 6 hr 
at 25% (left and middle panels of bottom row in Figure 
3A) and 4.5 hr at 36% (middle row), equivalent to 1.5 
generations of growth at both temperatures. At 36% in 
the cdc25-22 mutant, no further mitosis was possible, but 
the DNA content increased to a level similar seen in the 
wild-type control. The arrows in Figure 3A mark the place 
of the 4C peak seen in the top row at the beginning of the 
experiment. We conclude that elevated cdc78 expression 
induces continued DNA synthesis in the absence of mi- 
tosis. 
DNA Synthesis Does Not Require CdclO 
or Protein Synthesis 
Overexpression of ~25”” has also been shown to induce 
DNA synthesis in fission yeast (Moreno and Nurse, 1994). 
In this case, the continued DNA synthesis requires the 
cdc70 gene product, which activates transcription of 
genes needed for S phase, including cdcl8. To examine 
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Figure 3. DNA Synthesis Does Not Require Cdc25 or CdclO Func- 
tions or Continuing Protein Synthesis 
(A) nmtl c&l8 integrant (WT; left). This integrant is crossed into the 
cdc2522 (cdc25; middle) and cdc70-729 (cdcl0; right) backgrounds. 
cdc78 was induced for 24 hr at 25OC (top row). Cultures were split 
and incubated for 1.5 generations at 36OC for 4.5 hr (middle row) or 
at 25% for 6 hr (bottom row). DNA content is analyzed by FACS, with 
arrows indicating starting position of the 4C peaks observed in the 
top row for each strain. 
(Et) (OE-cdcl8) nmtl cdc78 integrant derepressed at time 0 (a) and 
expressed for 14 hr at 32OC (b). Cycloheximide added and incubated 
for 2.5 hr (c) or 5 hr (d). Arrows indicate position of peak in (b), (c), 
and (d), corresponding to 4C DNA content. (del-cdcl3) nmtl cdc73 
integrant without thiamine (e) supplied with thiamine to repress cdc73 
expression. After 5 hr (f), culture was split and cultured for 2.5 hr in 
the absence(g) or presence (h) of cycloheximide. (WT) Wild-type cells 
were treated with cycloheximide for 0 hr (i), 2.5 hr (j), and 5 hr (k). 
whether cdc78 could induce DNA synthesis without the 
need for the cdc70 gene product, we used the cdclO-129 
mutant, which on incubation at 36% blocks in Gl at 
START. cdc78 was overexpressed in this strain by use of 
a similar temperature shift regime to that already de- 
scribed for cdc2522. When cdc7Ogene function was inac- 
tive, the DNA content increased to a level similar to that 
seen in the wild-type control at 36% (left and right panels 
of middle row in Figure 3A). Therefore, cdc78 overexpres- 
sion can induce continued DNAsynthesis without the need 
for cdc70 controlled transcription. This suggests that 
cdc78 brings about DNA synthesis by acting at a point 
downstream of cdc70, close to the onset of S phase. 
A late step, just before the onset of S phase, has been 
identified in budding yeast after which protein synthesis 
is no longer required for DNA replication to be initiated 
(Hereford and Hartwell, 1974). We investigated whether 
cells containing elevated levels of the cdc78 gene product 
continue to undergo DNA synthesis even when further 
protein synthesis was inhibited by cycloheximide. cdc78 
was overexpressed by removal of thiamine for 14 hr at 
32% (Figure 3Bb). The culture was then split and incu- 
bated with cycloheximide for 2.5 hr (Figure 3Bc) or for 5 
hr (Figure 3Bd). The DNA content continued to increase 
even though protein synthesiswas inhibited. This behavior 
is different from that of cells rereplicating because cdc73 
has been deleted (Hayles et al., 1994). The addition of 
cycloheximide to cells deleted for cdc73 largely blocks 
any further increase in DNA content (Figure 3Bh) com- 
pared with no cycloheximide (Figure 389). The addition 
of cycloheximide to a wild-type control for 2.5 hr and 5 hr 
showed that this treatment did not alter the DNA content 
(Figures 3Bi, 3Bj, and 3Bk). 
These experiments demonstrate that cdc78 overex- 
pression can induce DNA synthesis without either the 
cdc70 transcriptional control acting at START or the need 
for continuing protein synthesis. Indeed, DNA synthesis 
may be induced more effectively when protein synthesis 
is inhibited because DNA content increased to a higher 
level than that seen in the no cycloheximide control. For 
example, the DNA content in cells derepressed for 20 hr 
without cycloheximide (see Figure IC) is less than cells 
derepressed for a total of 19 hr with cycloheximide (Figure 
3Bd). This may be due to the decay of an unstable inhibitor 
of DNA synthesis in the presence of cycloheximide. Over- 
all, these results suggest that cdc78 acts to induce DNA 
synthesis at a late stage in Gl after START, just before 
the onset of S phase. 
~65~~~‘~ Peaks at Onset of S Phase 
Previous work has shown that during the cell cycle, cdc78 
transcription is dependent upon the cdc70 function at 
START and that the cdc78 mRNA peaks in level at the 
Gl/S phase boundary. These observations suggested that 
the cdc78 gene product may increase in level during Gl/S 
phase, To examine this possibility, we raised antibodies 
against the cdcl&encoded protein produced in Esche- 
richia coli and followed the level of the protein during the 
cell cycle. 
P65cdc’B and DNA Replication Initiation in Yeast 
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Figure 4. lmmunoblotting of Cdcl8 Protein and PFGE 
(A) cdcl8 was repressed in a cdclbdeleted strain harboring a 
pREP61 X-cdcl8 plasmid. Cdcl8 protein before (lane 1) and after (lane 
2) 3 hr repression. Overexpression of cdc78 in a leul-32 strain. Empty 
vector pREP3X is shown in lane 3. Old nmtl cdc78 cDNA at 13 hr 
induction is in lane 4. The novel 89 bp extended nmt7 cdc78 cDNA 
after 11 hr (lane 5) 12 hr (lane 6), and 13 hr (lane 7) induction. Total 
protein (25 ug) was applied for each lane, except for lanes 5-7, where 
protein was applied after 20-fold dilution. 
(6) Whole-cell extract was fractionated into soluble and insoluble frac- 
tions as described in Experimental Procedures, All fractions normal- 
ized to the same volume for Western blotting. Total extract is shown 
in lane 1, soluble fraction in lane 2, and 0.5 M and 2.0 M sequential 
salt extract supernatants in lane 3 and lane 4, respectively. Final pellet 
is in lane 5. Bands for ~135~~~‘~ protein are indicated by arrows. For 
loading control, a-tubulin was used (a-tub). 
(C) cdc78 expression induced for 8-14 hr and cells collected at indi- 
cated times to make agarose plugs for PFGE. The arrow shows the 
position of plugs on the agarose gel. I, II, and III indicate the positions 
of S. pombe chromosomes 1, 2, and 3, respectively. Chromosomal 
DNA from hydroxyurea-treated wild-type cells was used for compari- 
son (lane HU). The lower panel is a FACS analysis of DNA content 
of samples used. 
By Western blotting the antibodies could detect a protein 
in wild-type cells migrating just faster than the 66 kDa 
marker, a size close to the 65 kDa predicted for the cdcl8 
protein based on conceptual translation (Figure 4A, lane 
3). The level of this protein was elevated in cells overex- 
pressing the cdc78 mRNA (Figure 4A, lanes 4, 6, and 7) 
and decreased when expression was repressed (compare 
lanes 1 and 2 in Figure 4A). We conclude that this protein 
is the c&78 gene product and have called it p65cdcTB. It 
is noteworthy that ~65”~“‘~ is present at higher levels in 
extracts prepared from cells containing the 89 nt extended 
cdc78 cDNA expressed by the nmtl promotor (Figure 4A, 
lanes 6 and 7) compared with the original cdc78 cDNA 
isolate (Figure 4A, lane 4). We calculated from band inten- 
sity that the elevated ~65~~“‘~ levels seen 12 hr after induc- 
tion, just as DNA synthesis was beginhing, were about 
lo-20 times those seen in normal S phase cells (Figure 
4A, lane 6). When cell extracts are prepared from fission 
yeast by breaking with glass beads, some proteins can 
remain in an insoluble pellet. This was investigated for 
~65”““‘~ by making a low salt extraction, followed by 0.5 
and 2.0 M salt extraction and finally by boiling the final 
pellet in 2% SDS. As seen in Figure 4B, about half the 
protein is soluble in low salt (lane 2), and the other half 
remains in a pellet insoluble even to 2.0 M salt (lane 5). 
Total protein is seen in lane 1 in Figure 48. 
The levels of ~65~“‘~ were monitored during the cell 
cycle using two synchronization procedures. The first pro- 
cedure was elutriation centrifugation, which separates out 
small cells at the beginning of the cell cycle that are then 
used as the inoculum for the synchronous culture. Two 
cell cycles were followed, as shown by the two peaks in 
septation index in Figure 5A. The level of ~65~~~‘~ was 
clearly periodic in the insoluble fraction, peaking at 1 lo- 
140 min and 280-320 min (Figure 58). A similar but less 
marked peak was seen in the soluble fraction. In elutriated 
selection synchronized cultures, the septation peak corre- 
sponds to cells in S phase, and so the timing of the peak 
in ~65~~~‘~ level corresponded to the period just before and 
during S phase. In the second procedure, the cdc25-22 
mutant was used to block cells in G2 at 36%. On shifting 
down to 25OC, the cells underwent two synchronous 
rounds of division, as shown by two peaks of septated 
cells (Figure 6A). ~65~~~‘~ levels were monitored in both 
soluble and insoluble fractions. The insoluble fraction 
showed a clear periodicity in level, peaking at 40 min and 
180 min, just before the peaks in septation index (Figure 
6C). In cdc2522 block and release synchronous cultures, 
this timing corresponds to the passage of cells from mito- 
sis into S phase. The periodicity in level was less evident 
in the soluble fraction, and as a consequence the extent 
of oscillation was reduced in the total extract (Figure 6C). 
Tubulin was used as a loading control for the total and 
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Figure 5. Periodic Expression of Cdcl6 Protein during the Cell 
Cycle: I 
Synchronous culture of wild-type cells generated by elutriation. (A) 
Septation index, shown in percent. (B) Western blotting with anti- 
~65~~~‘~ antibody. 
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Figure 6. Periodic Expression of Cdcl8 Protein during the Cell 
Cycle: II 
Synchronous culture generated using cdc2522 strain by blocking in 
G2 at 36OC for 4 hr and shifting down to 25% to release block. (A) 
Septation index, shown in percent. 
(B-D) Western blotting. (B) Anti-cdcl3 antibody. (C) Anti-cdcl8 anti- 
body. (D) Anti-a-tubulin (tub) antibody loading control. T, total protein; 
S, soluble fraction; I, insoluble fraction. 
soluble fractions (Figure 6D), but is not present in the insol- 
uble fraction (see Figure 48). Western blotting of p56cdc73, 
the major mitotic B cyclin in fission yeast, showed that the 
reduction in ~56”~~‘~ levels as cells exit mitosis occurred 
just before the increase in p65cdc’B (Figure 68). This indi- 
cates that p65~““‘~ increases soon after the cells exit mito- 
sis and enter Gl 
These experiments establish that the level of p6Ydci8 
varies periodically throughout the cell cycle, peaking at 
the Gl to S phase transition. This behavior is consistent 
with a role for ~65~~~‘~ in bringing about the initiation of S 
phase. However, the peak in level is much less than that 
seen in cells undergoing continued DNA synthesis as a 
consequence of cdc78overexpression (see Figure 4). This 
suggests that other events may also be required in addition 
to the change in level of ~65~~“‘~ to bring about an orderly 
onset of S phase. These other events may be bypassed 
by the high levels of p6Ydc18 expression. Support for this 
view was given by pulse field gel electrophoresis (PFGE) 
analysis of the DNA made when cdc78 is overexpressed 
(see Figure 4C). As the cells began to accumulate elevated 
amounts of DNA, 12 hr after removal of thiamine, chromo- 
somes failed to enter the gel (see Figure 4C). Previous 
work has shown that this is indicative of defective DNA, 
such as containing replication intermediates (Hennessy 
et al., 1991; Waseem et al., 1992). Thus, the DNAsynthe- 
sized when cdc78 is overexpressed may not be properly 
completed. The peaks in DNA content were also some- 
what smeared (see Figures lC, 3, and 4C), as if complete 
rounds of S phase might not be taking place. 
If ~65~~~‘~ is playing an important role in bringing about 
the initiation of S phase, then it might be expected to be 
located in the nucleus, This was investigated by using the 
~65”~“‘~ antibodies for immunofluorescence examination 
of cells to determine the cellular location of p65cdc18. When 
cells were overexpressing p65cdc’B, the majority of ~65’“‘~ 
staining was clearly located in the nucleus (see Figure 2C, 
left). This was seen by the colocalization of p65cdc18, with 
DNA in the nucleus as visualized by DAPI staining (see 
Figure 2C, right). Regions of the nucleus not stained well 
by DAPI were also p65cdc’B- positive, which may represent 
the nucleolar regions of the nucleus. The antibodies were 
not sufficiently sensitive to detect p65cdc’8 in wild-type cells 
by immunofluorescence (data not shown). The fact that a 
considerable portion of ~65~“‘~ is found in an insoluble 
fraction suggests that at least part of ~65~~~‘~ may be 
located in a high molecular weight complex within the 
nucleus. 
Discussion 
We have shown in this paper that overexpression of 
~65 cdc’a is able to induce DNA synthesis in the absence 
of mitosis in fission yeast cells. This DNA synthesis does 
not require either the cdc70 gene function at START or 
continued protein synthesis. The level of ~65”~“‘~ is peri- 
odic in the cell cycle, peaking at the Gl to S phase transi- 
tion, and when cdc78 is overexpressed, ~65~~“‘~ is located 
in the nucleus. These experiments suggest that ~65”~“~ 
plays an important direct role in bringing about the initia- 
tion of DNA replication at the onset of S phase and couples 
this initiation to the global control at START. 
An alternative explanation is that cdc78 overexpression 
induces DNA synthesis indirectly, as a consequence of 
inhibition of the p34cdcZ/p56cdc’3 mitotic protein kinase. We 
think this is unlikely for the following reasons. First, DNA 
synthesis is only induced 3 hr after direct inhibition of the 
pC&,CdCZ,p56”dc’3 protein kinase activity by overexpression 
of ruml, while DNAsynthesis is induced by cdc78overex- 
pression either just before or at the same time as protein 
kinase activity falls. This result suggests that cdc78 over- 
expression is unlikely to work through the same mecha- 
nism as the rum7 overexpression inhibition of the mitotic 
protein kinase. The fall in mitotic protein kinase activity 
observed when cdc78 is overexpressed is presumably due 
to the induced DNA synthesis activating the checkpoint 
control (Enoch and Nurse, 1990) that blocks activation of 
the mitotic protein kinase (Smythe and Newport, 1992). 
Second, inhibition of protein synthesis prevents DNA syn- 
thesis when cdc73 is deleted, while cells containing high 
levels of ~65~~~‘~ can continue to undergo DNA synthesis 
in the absence of any further protein synthesis. This puts 
the point of action of cdc78 later in the cell cycle, after 
the point at which no further protein synthesis is required 
for DNA replication to take place. Third, the FACS profiles 
generated by cdc78 overexpression are much more 
smeared than those generated by inhibiting the ~34”~“V 
~56’~“~ protein kinase (Moreno and Nurse, 1994; Hayles 
et al., 1994). Indeed, it is possible that the S phases in- 
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Figure 7. Model for Control of Cell Cycle Progression by Dual Func- 
tions of ~65~~~‘~ and ~34”~“/p56’~~‘~ 
TranscrIptIon of cdc78 is activated at START by cdclO/resl/resZ. Ac- 
cumulation of ~65’~“” protein during late Gl stimulates initiation of 
DNA replication and prevents the onset of mitosis either directly or 
indirectly. After S phase, the positive and negative functions of cdc78 
decay and p34”“2/p56cdc’3 IS activated, preparing for the next legitimate 
step, mitosis. p34”9p56 cdc’3, in turn, functions negatively to block reini- 
tiation of S phase. On execution of mitosis, p34c”2/p56”dc’3 decays, 
removing block over S phase. 
duced by cdc78 overexpression are not completed or that 
multiple initiations within an S phase are taking place. 
These several reasons argue that p6Ydc’* acts to promote 
DNA synthesis at a later point in the cell cycle than does 
inhibition of the p34cdcz/p56cdc’3 protein kinase. This point 
appears to be downstream of the cdclO/resl/res2 tran- 
scriptional control at START, and, given that continuing 
protein synthesis is not required, this point must be very 
close to the onset of DNA replication. Traverse of Gl leads 
to cdc78 transcription and increase in ~65”~“‘~ level just 
before S phase (Figure 7). This increase may play a role 
in bringing about the onset of S phase given that high 
levels of ~65”~“‘~ can induce continued DNA synthesis 
even in ceils in which protein synthesis has been inhibited. 
However, it is unlikely that the periodic increase in ~65”~“‘~ 
seen in Gl is sufficient by itself to bring about S phase 
because the maximum level attained in Gl is much less 
than that necessary to drive cells into DNA synthesis when 
cdc78 is overexpressed (Figure 4). We calculate that 
~65”~“” levels as cells are inducing DNA synthesis during 
cdc78 overexpression are about 10-20 times the levels 
seen during the onset of a normal S phase. It is possible 
that further modification of ~65 cdc78 is also required to bring 
about onset of S phase effectively, such as changes in 
phosphorylation. One possibility would be the removal 
of the inhibitory phosphorylation brought about by the 
pC#,C’,p56”dC’3 protein kinase (see below). Alternatively, 
other gene products may also normally be required for an 
effective and orderly entry into S phase. 
What biochemical role does ~65”“‘~ play in the initiation 
of replication? At present, this remains unclear, There is 
a nucleotide-binding site, which suggests that ATP binding 
or hydrolysis may be important for its function. A related 
gene product in budding yeast is encoded by CDC6, which 
contains a similar nucleotide-binding site, has ATPase ac- 
tivity, and has been proposed to interact with the ORC (Li 
and Herskowitz, 1993; Zwerschke et al., 1994; Liang et 
al., 1995). ~65”~“‘~ is located in the nucleus, at least when 
overexpressed, and its insolubility might suggest that it is 
found associated with a high molecular weight complex, 
By analogy with CDC6 in budding yeast (see later), we 
favor the hypothesis that ~65’~~‘~ may interact with origins 
of replication, perhaps via the fission yeast equivalent of 
the ORC. This interaction could make the origin region 
accessible to the replication apparatus and, as a conse- 
quence, bring about the initiation of DNA replication. 
As discussed above, the p34cdcVp56cdc’3 mitotic protein 
kinase acts to inhibit further rounds of S phase. It is likely 
that this inhibition acts via phosphorylation of key proteins 
required for the initiation of DNA replication. An obvious 
target for this inhibitory phosphorylation would be p65cdc78. 
It has five potential ~34~~~~ phosphorylation sites in its 
amino terminus that could influence its activity. Overex- 
pression of ~65”~~‘~ might overwhelm this inhibitory phos- 
phorylation either because of the high levels of protein 
present or owing to the appearance of a truncated protein 
with altered regulatory properties (Figure 4). By inhibiting 
~65~~~‘~ activity, the p34cdcz/p56cdc’3 mitotic protein kinase 
would contribute to the control, ensuring that there is only 
one S phase per cell cycle. 
Will p65cdc’8-like proteins play an important role in the 
initiation of S phase in other organisms? In the case of 
budding yeast, the gene CDC6 shares sequence similarity 
with cdc78 at the level of 28% identity in amino acid se- 
quence, including the nucleotide-binding site (Kelly et al., 
1993). Although clearly related, the two genes have not 
been shown to be functionally equivalent, since replacing 
one gene for the other does not rescue cdc78’” or cdc6’” 
mutants, although this may be due to inadequate or inap- 
propriate expression. It is also of interest that overexpres- 
sion of CDC6 in fission yeast delays mitosis, just like over- 
expression of cdc78 (Bueno and Russell, 1992). CDC6 is 
required for the onset of S phase in budding yeast, and 
genetical evidence suggests that it can influence origin 
function. Recently, it has been shown that the CDC6 gene 
product interacts functionally and physically with the ORC 
(Liang et al 1995). Thus, it is likely that C/X6, like cdc78, 
also plays a key role in the Gl to S phase transition, proba- 
bly at origins of replication. Second, our experiments lead 
us to believe that ~65”~“‘~ acts very closely to the actual 
process of initiating DNA replication. Because the replica- 
tion apparatus and the replicative process are likely to be 
conserved evolutionarily, it is reasonable to assume that 
the mechanisms interacting with this apparatus that bring 
about initiation are also likely to be conserved. 
The major conclusion of this paper is that ~65”~“‘~ plays 
an important role in bringing about the initiation of DNA 
replication at the onset of S phase. Because cdc78 expres- 
sion is dependent upon the Gl transcriptional control act- 
ing at START, there is also a direct linkage between the 
global cell cycle control START and the initiation of DNA 
replication (Figure 7). A more general point can be made 
concerning the dual functions of p65cdc78. ~65~~~‘~ has two 
roles, one in the initiation of DNA replication that is appro- 
priate for a Gl cell and a second in the contribution to 
the blocking of mitosis, thus preventing an event that is 
inappropriate for a Gl cell. Similarly, p34cdczlp56cdc13 has 
two roles, one to initiate mitosis that is appropriate for a 
G2 cell and a second to contribute to the blocking of S 
phase, thus preventing an event that is inappropriate for 
Cell 
404 
a G2 cell (Hayles et al., 1994) (Figure 7). In both cases, 
these gene products have dual roles, a positive function, 
to promote a legitimate cell cycle transition, and a negative 
function, to inhibit an illegitimate cell cycle transition. Once 
the legitimate cell cycle transition has been executed, 
both the positive and negative functions decay. This pre- 
vents the transition occurring again and releases the block 
over the other cell cycle transition that has now become 
legitimate. Thus, despite the large number of gene prod- 
ucts required for progression through the cell cycle, per- 
haps only a few gene products play key roles in ensuring 
that the cell cycle events occur in the correct order. By 
investing both positive and negative roles in key gene 
products required for important cell cycle transitions such 
as onset of S phase and mitosis, the cell ensures that the 
order of these events is properly maintained. This regula- 
tory device may be exploited elsewhere in the cell cycle 
and perhaps in other developmental sequences to ensure 
that events occur in the correct temporal order. 
Experimental Procedures 
Schizosaccharomyces pombe Strains and Methods 
All strains used were derived from the wild-types 972h- and 975h’. 
Media and growth conditions are as described by Moreno et al. (1991). 
Temperature-sensitive mutants used were cdc78-K46 (Nasmyth and 
Nurse, 1981) cdc25-22 (Fantes, 1979) and c&70-129 (Nurse et al., 
1976) and were cultured at 25%, the permissive temperature, or at 
36%, the restrictive temperature. Wild-type cells were cultured at 
32%, or otherwise as indicated. Thiamine and cycloheximide were 
used at the final concentrations of 5 bglml and 25 Kg/ml, respectively. 
A cdc78 cDNA was isolated during a screen for high copy number 
suppressors of cdc78. cdc78-K46 leul-32 was transformed with an S. 
pombe cDNA library (constructed by C. J. Norbury and B. Edgar using 
the pREP3X plasmid as described by Kelly et al., 1993) by electropora- 
tion and plated on Edinburgh minimum medium (EMM) plates. After 
24 hr of growth at 25%, media in plates were incubated at 36%, 
growing transformants were selected, and plasmid DNAs were recov- 
ered. One weak suppressor thus obtained had a plasmid carrying 
cdclBcDNA(named pREPSX-cdcl8). Sequencing both strandsof this 
clone revealed that the cDNA contains a cdc78 cDNA starting from 
89 nt upstream of the ATG start codon but missing 5 nt in 3’ before 
the poly(A) tail. The weak complementation by this cdc78 cDNA was 
due to its ability to cause overreplication, which resulted in lethality. 
It complemented cdc78 quite well when expressed using the weak 
nmtl promoter in pREP81X (data not shown), which has an attenuated 
version of the nmtl promoter. 
The nmtl cdc78 integrant was constructed as follows. The pREP3X- 
cdcl8 cDNA was cut with BamHl and partially with Pstl. The 3.5 kb 
fragment containing the nmtl promoter, and cdc78 was cloned into 
pJK148 integration plasmid at the Pstl-BamHI site. The resulting plas- 
mid pJK-nmtlcdcl8 was linearized using the Tthll II restriction en- 
zyme and transformed into a leul-32 strain. Leu’ transformants on 
EMM plus thiamine plates were replica plated on EMM plates lacking 
thiamine, and colonies showing overreplication were selected. We 
found that multicopy integration of cdc78 is required to induce over- 
replication, as verified by Southern blotting (data not shown). One 
integrant thus obtained was crossed to cdc25-22 and cdc70-729 
strains and used for the temperature shift experiment described in 
Figure 3. All integrants were maintained in EMM plus thiamine, and 
expression from the nmtl promoter was induced after washing three 
times in EMM or by streaking on EMM plates. 
Haploid derivatives used for the cdc78 switch-off experiment in Fig- 
ure 4 had a chromosomal deletion of cdc78 but was complemented 
by a plasmid expressing cdc78 using the weak nmtl promoter. This 
strain was constructed as described previously (Kelly et al., 1993) 
except that plasmid carrying the novel cdc78 under a weak nmtl pro- 
moter (pREP81 X-cdcl8) was used. 
Cells were fixed and processed for FACS as described previously 
(Sazer and Sherwood, 1990). Haploid and diploid cells were used as 
standards. For cell number determination, cells were fixed in 3.7% 
formaldehyde and 1% saline. Synchronous cultures using the cdc25 
block and release or elutriation methods were prepared according to 
the method of Moreno et al. (1989). 
Preparation of CdclB Antibody 
The Pstl-Pvull fragment from cdc78 cDNA was cloned into bacterial 
expression vector pQE-30, which expressed the His-tagged fusion 
cdcl8 protein from amino acids 21-563 (provided by G. D’lJrso). E. 
coli M15(pREP4)transformed withthisplasmidwasinducedtoexpress 
the fusion protein by IPTG at OD,,, of 0.6. The His-cdcl8 fusion protein 
was purified under denaturation conditions with Ni2+-NTP resin as 
described by the supplier(Qiagen) and further purified by SDS-PAGE. 
The gel slices containing the protein (loo-150 pg) were injected into 
a rabbit with Freund’s adjuvant. The antibodies were affinity purified 
on nitrocellulose filter prefixed with the His-cdcl8 fusion protein. The 
antiserum was incubated with the filter, washed with PBS, and eluted 
by 100 mM glycine-HCI (pH 2.5). 
lmmunodetection of Cdcl8 protein 
Western blotting was carried out as described previously (Hayles et 
al., 1994). The antibodies used were anti-cdcl8 (12500 dilution), SP4 
anti-cdcl3 antibody (l:lOOO), and anti-a-tubulin monoclonal antibody 
(1:3000) (Sigma). Proteins were detected using horseradish peroxi- 
dase-conjugated anti-rabbit or anti-mouse antibody and an ECL kit 
(Amersham). lmmunofluorescence analysis with anti-cdcl8 antibody 
was done using methanol fixation and processed as described pre- 
viously (Moreno et al., 1991). 
Cell Extract Preparation 
Total cell extracts were prepared as described previously (Moreno et 
al., 1991). About 2 x 10’ cells were collected, washed, and broken 
in 30 nl of HB buffer by glass beads. HB buffer contains 60 mM 
8-glycerophosphate, 15 mM p-nitrophenylphosphate, 25 mM MOPS 
(pH 7.2) 15 mM MgCI,, 15 mM EGTA, 1 mM DTT, 0.1 mM sodium 
orthovanadate, 1 mM PMSF, and 20 pglml of leupeptin and aprotinin. 
The glass beads were washed with 500 nl of HB buffer, and the extract 
(total) was recovered and treated as follows. The total cell extract was 
kept on ice for 30 min and centrifuged using a Eppendorf microfuge 
at 15,000 rpm for 15 min at 4’C. The supernatant (soluble) and pellet 
(insoluble) were used for the Western blotting shown in Figures 5 
and 6. 
For the high salt extraction experiments, the pellet fraction as ob- 
tained above was extracted with HB buffer containing first 0.5 M NaCl 
and then 2.0 M NaCl for30 min on ice, sequentially followed by centrifu- 
gation as above. All the samples were mixed with SDS sample buffer 
and normalized to an equal volume. 
PFGE 
Agarose plugs were prepared as described previously (Kelly et al., 
1993). Owing to the elongation of cells after overexpression of cdc78, 
cells in each plug were adjusted to contain equivalent to 3 x lo* 
wild-type cells per milliliter as judged by ODsa5. PFGE was carried out 
in 0.6% chromosomal grade agarose gel (Bio-Rad) using a Bio-Rad 
CHEF-DRII. The gel was run for 72 hr at 50 V in 0.5 x TAE buffer (40 
mM Tris acetate [pH 8.01, 1 mM EDTA) with a switch time of 30 min. 
~34~“~~ Protein Kinase Assay 
Mitotic p34cdc2/p56cdc’3 protein kinase activity was assayed after immu- 
noprecipitation with SP4 anti-cdcl3 antibody using histone Hl as a 
substrate (Moreno et al., 1989). 
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